Nitrite oxidation is the second step of nitrification. It is the primary source of oceanic nitrate, the predominant form of bioavailable nitrogen in the ocean. Despite its obvious importance, nitrite oxidation has rarely been investigated in marine settings. We determined nitrite oxidation rates directly in 15 N-incubation experiments and compared the rates with those of nitrate reduction to nitrite, ammonia oxidation, anammox, denitrification, as well as dissimilatory nitrate/nitrite reduction to ammonium in the Namibian oxygen minimum zone (OMZ). Nitrite oxidation (p372 nM NO 2 À d
Introduction
Nitrogen is the limiting element for primary production in many parts of the ocean, and its availability is therefore closely coupled to the biological sequestration of atmospheric carbon dioxide and the oceanic carbon cycle (Gruber, 2004) . Nitrate (NO 3 À ) is the most abundant form of bioavailable inorganic nitrogen (NH 4 þ , NO 2 À , NO 3 À ) in the ocean. It is formed via nitrification, a biologically mediated two-step process comprising the oxidation of ammonia (NH 3 ) to nitrite (NO 2 À ), and that of NO 2 À to NO 3 À , each of which is catalyzed by distinct groups of microorganisms. The majority of oceanic NO 3 À is locked up in the deep sea, where it is no longer assimilated by phytoplankton and thus accumulates to high concentrations of 20-50 mM. In the surface ocean, NO 3 À is usually depleted. Only in regions with strong diapycnal mixing or upwelling, deep-sea NO 3 À re-enters the euphotic zone and stimulates surface primary production. This in turn results in enhanced sinking of organic matter and subsequent remineralization that releases ammonium (NH 4 þ ), especially around the base of the euphotic zone. Consequently, nitrification is stimulated therein and NH 4 þ is recycled back to NO 3 À . In certain highly productive regions, respiration of organic matter below the euphotic zone can be so intense that oxygen minimum zones (OMZs) develop. Upon oxygen depletion in the OMZs, NO 3 À becomes thermodynamically the most favorable electron acceptor for the respiration of organic matter that may ultimately lead to the loss of oceanic nitrogen via denitrification or anammox (Codispoti et al., 2005; Lam and Kuypers, 2011) . Upwelling was generally considered to be the only important source of NO 3 À in these waters, whereas nitrification was considered to be of negligible significance within the oxygen-deficient OMZs. However, recent studies reported active ammonia oxidation within the eastern tropical south Pacific (ETSP) OMZ Molina and Farias, 2009 ). Hence, a considerable portion of NO 3 À in the OMZs may have come from recycled nitrogen. Nevertheless, the actual significance of nitrification as a NO 3 À source in the OMZs cannot be fully assessed without evaluating the activities of nitrite oxidation, the second and final step of nitrification. Direct rate measurements for nitrite oxidation in an OMZ have been reported only once (Lipschultz et al., 1990) . In that study in the ETSP OMZ, nitrite oxidation rates were detected even at very low (p2.5 mM) oxygen levels. Since then, little research has been done on marine nitrite oxidation in general. Although the importance of nitrite oxidation has recently been suggested for the Arabian Sea OMZ based on a reaction diffusion model, no direct rate measurements have been made for that region .
Ammonia oxidation is generally presumed to be the rate-limiting step in nitrification; thereby its rates are usually taken as the overall nitrification rates (for example, Ward, 2005; Wuchter et al., 2006) . In the suboxic OMZs, nonetheless, NO 2 À can also be produced via nitrate reduction (NO 3 À -NO 2 À ). Nitrate reduction may in theory support nitrite oxidation beyond or even in the absence of ammonia oxidation. In other words, the two steps of nitrification are not necessarily coupled in the OMZs. Meanwhile, the suboxic conditions in the OMZs also allow the occurrence of other reductive NO 2 À -consuming processes like anammox, denitrification and dissimilatory nitrate/nitrite reduction to ammonium (DNRA) Lam and Kuypers, 2011) . Whether nitrite oxidation competes with these concurrent nitrogen transformations or how the overall nitrite balance may be maintained in the OMZs, remains largely unexplored.
The diversity and distribution of nitrite-oxidizing bacteria (NOB) in oceanic settings are also poorly known. Five genera of NOB have been identified so far: Nitrospira, Nitrospina, Nitrococcus, Nitrobacter and the newly discovered single-species genus Nitrotoga (Alawi et al., 2007) . All genera except for Nitrotoga have been detected in marine environments, although Nitrobacter is generally not abundant in oceanic settings (Koops and PommereningRoser, 2001 ). Nitrospira shows a relatively widespread distribution across various habitats but few were actually marine surveys (Hoffmann et al., 2009; Off et al., 2010) . Nitrococcus and Nitrospina have been found exclusively in marine habitats to date. Nitrospina appeared to be quite abundant in some open-ocean settings in the North Pacific, yet the abundance of other NOB genera was not investigated in parallel (Mincer et al., 2007; Beman et al., 2010; Santoro et al., 2010) . There has been only one study to date that examined the distribution of NOB in the OMZs (Ward et al., 1989) , in which only two species, Nitrobacter sp. and Nitrococcus mobilis, were targeted based on immunofluorescence. Both species were found to be present where nitrite oxidation was detected in the ETSP OMZ (Ward et al., 1989; Lipschultz et al., 1990 ).
In the current study, we investigated nitrite oxidation in the OMZ of the Benguela upwelling system off the Namibian coast. We optimized a method that allowed us to determine nitrite oxidation rates in the same series of 15 N-incubation experiments, as used for the rate measurements of other nitrogen cycling processes occurring in the OMZs. Parallel incubation experiments were conducted to evaluate for the first time the contribution of nitrite oxidation to the overall NO 2 À turnover in OMZ waters. In particular, we compared the rates of nitrite oxidation with rates of nitrate reduction to nitrite, 'aerobic' ammonia oxidation, anammox, as well as DNRA. Moreover, we determined the abundance and distribution of all five known NOB genera by using catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) with specific 16S rRNA targeted probes. (Figure 1 ). Salinity, temperature, dissolved oxygen and chlorophyll a fluorescence were measured with a conductivitytemperature-depth (CTD) system, equipped with an oxygen sensor and a fluorometer (Sea Bird Electronics, Bellevue, WA, USA). Oxygen data were calibrated against Winkler titration. Water samples for high-resolution vertical nutrient profiling and 15 N-incubation-experiments were collected with a pump-CTD system (Kuypers et al., 2003) . Additionally, the benthic boundary layer (BBL) was sampled at 6 depths from 30 cm to 2 m above seafloor using a bottom water sampler (Sauter et al., 2005; Holtappels et al., 2011a) . NO 2 À and NH 4 þ were measured on board spectrophotometrically (Grasshoff et al., 1999 , detection limit 0.01 mM) and fluorometrically, respectively (Holmes et al., 1999 , detection limit 0.01 mM). Water samples were frozen for later analyses of NO 3 À and PO 4 3À with an autoanalyzer in a shore-based laboratory (0.1 mM detection limit; TRAACS 800, Bran & Lubbe, Hamburg, Germany).
Materials and methods

N-incubation experiments
Incubation experiments were conducted for 5-6 depths at 5 stations (Table 1) . For each incubation experiment, a 250-ml seawater sample was collected from specific depths with the pump-CTD system or with the bottom water sampler for samples from the BBL. Different combinations of 15 N-and 14 N-substrates were added for the rate determinations of various nitrogen-cycling processes (Table 1) . Production of 15 N-labeled N 2 via anammox or denitrification was determined in all incubation experiments before other measurements (for further details, see Holtappels et al., 2011b) . Nitrite oxidation rates were determined as the net production of 15 , respectively. Except for the latter two, all samples were purged with helium for 15 min before incubations, to reduce O 2 down to pB0.5 mM (Dalsgaard et al., 2003; Jensen et al., 2008 Jensen et al., , 2011 . To examine the effect of oxygen on NO 2 À oxidation, additional experiments were conducted for two samples (St 206-100 m and St 252-105 m) with O 2 adjusted to four different controlled levels (B1-11 mM). In these cases, a known amount of O 2 -saturated water was added to the He-purged samples, and the achieved O 2 concentrations were checked with a microsensor or the highly sensitive switchable trace amount oxygen sensor (Revsbech et al., 2009) . O 2 concentrations were also monitored using the same sensors at discrete time intervals in a parallel set of incubation vials.
As described in detail in Holtappels et al. (2011b) , each 15 N(/ 14 N)-amended sample was immediately transferred into five 12-ml exetainer vials (Labco, High Wycombe, Buckinghamshire, UK), by introducing an overpressure of helium into the serum bottle such that the amended water sample was displaced via a 1-ml syringe into the bottom of each exetainer vial, which was then filled carefully from the bottom without bubbles. These samples were incubated for up to 48 h in the dark and at in situ temperatures. At each time interval 
Asterisks (*) indicate helium-purging of the samples; 'a': same depths as listed for the treatment above, ' b ': additional-oxygen manipulation experiments were conducted for this treatment.
Nitrite oxidation in the Namibian OMZ J Füssel et al (approximately 0, 6, 12, 24 and 48 h), incubation was terminated in one exetainer by removing 2 ml of sample while replacing it with helium and by adding 100 ml of saturated mercuric chloride solution to stop biological activities. Samples were stored upside down in the dark at room temperature until further processing in a shore-based laboratory.
Nitrite oxidation rate measurements-method optimization Due to the absence of a sensitive, direct method to determine nitrite oxidation rates in small-volume samples, only a limited number of field studies on this process have been performed in marine environments to date. The modified 15 N stable isotope pairing technique (Nielsen and Glud 1996; Thamdrup and Dalsgaard, 2002) has successfully been applied to distinguish multiple concurrent Ntransformations in the OMZs À to N 2 , and has successfully been applied in analyses for the natural stable isotopic composition of NO 3 À in seawater samples and in earlier nitrite oxidation measurements (Lipschultz et al., 1990; Granger and Sigman, 2009 ). Sulfamic acid is not toxic and N 2 is less soluble in water than N 2 O, thereby ensuring its efficient removal and minimizing interference with subsequent isotopic analyses for NO 3 À . The incubation of samples with 16.5 mM sulfamic acid (final concentration) for B12 h achieved better NO 2 À removal efficiency than the reduction with azide, and so became our method of choice for subsequent nitrite oxidation rate measurements (Supplementary Figure S1) . Following NO 2 À removal, sample pH was adjusted to 8-9 and spongy cadmium was added to 6 ml of experimental subsamples in order to reduce NO 3 À to NO 2 À (Margeson et al., 1980; McIlvin and Altabet, 2005) . They were then incubated for at least 12 h on a horizontal shaker at room temperature (Gal et al., 2004) . Subsequently, samples were transferred to fresh 6 ml exetainers with 2 ml headspace and flushed with helium for 10 min to remove any N 2 produced from 15 NO 2 À . Finally, the NO 2 À converted from NO 3 À via cadmium was further reduced to N 2 by the addition of sulfamic acid as previously described, and the samples were neutralized with NaOH afterwards. The resultant N 2 was then ready for isotopic analyses. (Warembourg, 1993; Lam et al., 2009) . Rates of all processes were calculated from the slopes of linear regression with 15 N-production as a function of time, and only when the production was instantaneous (Supplementary Figure S3) . All rates presented were calculated from 0-48 h of incubations (Po0.05), except for a few samples in which there was no more substantial nitrate production after 12 h likely because nitrite was depleted. All rates reported here were calculated as net rates, and have been corrected for the 15 N-labeling percentages of initial substrate pools. However, in incubation experiments for the rate determination of DNRA, ammonia oxidation and nitrate reduction, the addition of unlabeled ( 14 N) 'products' NH 4 þ , NO 2 À and NO 2 À , respectively, alongside 15 N-labeled substrates would likely have minimized immediate consumption of the 15 N-labeled products during the incubation period. Hence, these measured rates are expected to be closer to gross rates.
Catalyzed reporter deposition in situ fluorescence hybridization Water samples for CARD-FISH were fixed in 2% (final concentration) paraformaldehyde in phosphate buffered saline solution for 8-12 h at 4 1C, before filtration onto polycarbonate membrane filters (GTTP, 0.22 mM pore size, 47 mm diameter, Millipore, Eschborn, Germany). CARD-FISH was performed following the protocol by Pernthaler et al., (2002) . Briefly, cells were immobilized on the GTTP filters by embedding in 0.2% agarose. Then, cells were permeabilized by 60 min incubation at 37 1C in 10 mg ml À1 lysozyme in 50 mM EDTA and 100 mM Tris-HCl. Hybridization with horseradish peroxidase labelled oligonucleotide probes Nitrite oxidation in the Namibian OMZ J Füssel et al (Biomers, Ulm, Germany) was conducted for 2 h at 46 1C at varying formamide concentrations, according to the oligonucleotide applied (Table 2 ). This was followed by tyramide signal amplification for 15 min at 46 1C and subsequent staining of cells with DAPI (4, 6-diamidino-2-phenylindole). Positive hybridization signals and DAPI-stained cells were enumerated with epifluorescence microscopy (Axioplan 2, Zeiss, Jena, Germany).
Results and discussion
Hydrochemical setting of the Namibian OMZ All five stations investigated in this study were located over the Namibian shelf from 191S to 231S, with bottom depths ranging between 103 and 130 m (Figure 1 ). They were generally characterized by high primary production in the euphotic zone as indicated by the high surface chlorophyll a concentrations (Figure 1f ). Dissolved oxygen concentrations in surface waters were in the range of 170-245 mM, and declined to p4 mM by 80-90 m water depth (Figure 1b) . At most stations investigated, prominent NO 2 À and NH 4 þ maxima of up to 4.4 and 4.6 mM, respectively, were present in the lower OMZ; whereas NO 3 À concentrations showed a reverse trend with local minima as low as 12 mM within the OMZ (Figures 1c-e) .
Nitrite oxidation rates
Nitrite oxidation rates were detected at all five stations investigated, at depths spanning from the oxycline to the BBL (Figure 2, Supplementary  Figure S2 ). The measured rates ranged from 14 to 372 nM d À1 (Figure 2) . These values were within the range of previous observations from the ETSP OMZ, where maximum rates reached B170-600 nM d À1 at 4 different stations (Lipschultz et al., 1990) . No systematic trends could be discerned with respect to depth or oxygen availability in our dataset, with some stations exhibiting maximum nitrite oxidation rates in the lower OMZ (for example, St 252) and some in the BBL (for example, St 225; Figure 2) . At other stations, nitrite oxidation decreased with water depth (Station 243) or was not detectable in the BBL (St 206) (Supplementary Figure S2) . at St 225) seemed to occur at very low O 2 levels (o1 mM) in the lower OMZ and the BBL, respectively ( Figure 2 ). As these rates were in fact determined in helium-purged water samples, in which oxygen had been reduced down to pB0.5 mM as verified in the current and previous studies with microsensors (Dalsgaard et al., 2003; Jensen et al., 2008 Jensen et al., , 2011 , our results showed that nitrite oxidation occurred at microaerobic or apparently anoxic conditions. The effect of O 2 on nitrite oxidation was further examined in 15 N-labeling experiments with varying O 2 concentrations (0-11 mM) in the Namibian OMZ waters. Although nitrite oxidation rates were 1-2 fold higher under elevated O 2 levels (p11.3 mM; Figure 3 ), considerable nitrite oxidation rates were measured in incubations where O 2 levels were close to detection limit or at levels equivalent to ambient conditions. Similar observations of high nitrite oxidation rates associated with low O 2 (p2.5 mM) have also been reported for the ETSP OMZ (Lipschultz et al., 1990) . Therefore, nitrite-oxidizing communities in the OMZs appear to be well adapted to oxygen-deficient conditions.
Nitrite availability or competition for nitrite with other processes might affect nitrite oxidation rates in the OMZ. Although the highest nitrite oxidation rates in this study were obtained from the NO 2 À maxima at stations 225 and 252 (Figures 1 and 2) , there appeared to be no correlation between NO 2 À availability and nitrite oxidation rates when considering the entire dataset (Supplementary Figure  S4) . However, we cannot fully exclude the possibility of activity stimulation by the amendment of 5 mM of 15 NO 2 À in samples containing low (that is, nanomolar) NO 2 À concentrations. To identify the exact mode of rate regulation on nitrite oxidation, further sampling and experimentation in higher spatial and temporal resolution are necessary, including manipulative experiments with variable substrate levels to examine the kinetics of nitrite oxidation. Regardless, the current dataset shows that nitrite oxidation occurred at substantial rates throughout the Namibian OMZ.
NOB in the Namibian OMZ The abundance of potential NOB in the Namibian OMZ waters was assessed via 16S rRNA-based CARD-FISH, targeting all NOB genera known to date (Nitrobacter, Nitrococcus, Nitrospira, Nitrotoga and Nitrospina). Among these genera, only Nitrospina and Nitrococcus were detectable in the samples investigated. These NOB were abundant throughout the Namibian OMZ, indicating that these genera might substantially contribute to the measured nitrite oxidation rates in these waters (Figure 2, Supplementary Figure S2 ). Nitrospina and Nitrococcus constituted up to 5.4% and 4.9% of total microbial abundance, respectively. Together, these two NOB genera represented 0.3-9% of total microbial community, equivalent to 0.09-5.5 Â 10 5 cells ml À1 . In general, the NOB abundance in the present study was several orders of magnitude higher than that reported in an ETSP OMZ study, in which a maximum of 1.1 Â 10 3 cells ml À1 were detected with immunofluorescence (Ward et al., 1989) . The applied antisera in the latter study had been produced against few cultured strains, which might thus be too specific to cover all NOB species present in the environment and resulted in underestimation. Our results are within the same range as those found in the central Californian current, where up to 1 Â 10 4 16S rRNA gene copies per ml of the genus Nitrospina were detected by quantitative PCR, yet other NOB genera were not targeted in that study (Santoro et al., 2010) .
Although the highest nitrite oxidation rates measured during this study corresponded well with the highest NOB abundance (4.37 Â 10 5 and 5.32 Â 10 5 cells ml À1 at 105 m and 1.12 m above seafloor, respectively, at St 252), NOB abundance did not show a significant correlation with nitrite oxidation rates (Spearman rank correlation, P40.05; Nitrite oxidation in the Namibian OMZ J Füssel et al Figure 3b ). The oligonucleotide probes used in our CARD-FISH analyses should in theory cover all NOB genera available in public databases, but diversity surveys for marine nitrite oxidizers have been few so that these probes may not cover all NOB species in nature. In addition, dense populations of both Nitrococcus and Nitrospina cells were sometimes observed in large aggregates (p250 mm wide) with other microorganisms (Figures 4a and b) . Consequently, NOB were difficult to enumerate in such cases and their abundance was likely underestimated at those depths. These factors might partly explain the lack of clear correlation in samples where nitrite oxidizer abundance was relatively low while nitrite oxidation rates were high. At the same time, NOB abundance was sometimes found to be high, although nitrite oxidation activities were barely or not detectable (Figure 3b ). These NOBs might be using an alternative pathway to gain energy. Regardless, the combination of molecular and biogeochemical results obtained in the current study provides strong evidence for the importance of NOB for N-cycling in the Namibian OMZ.
Decoupling of nitrite oxidation from ammonia oxidation Ammonia oxidation and nitrite oxidation are regarded as successive steps in nitrification, with ammonia oxidation being the first and presumably rate-limiting step. Therefore, ammonia oxidation rates should in principle be as high as nitrite oxidation rates. Ammonia oxidation rates were compared with nitrite oxidation rates at three stations for which measurements for both processes were available at the same depths ( Figure 5 , Supplementary Figure S2 ). Nitrite oxidation often exceeded ammonia oxidation by as much as two-to three-folds, except for some depths at station 243, where ammonia oxidation rates were higher instead ( Figure 5, Supplementary Figure S2) . Although ammonia oxidation experiments were conducted in unpurged samples whereas nitrite oxidation experimental subsamples were He-purged, parallel-oxygen sensitivity experiments indicate that ammonia oxidation rates remained unchanged from purged to unpurged samples and up to 12 mM O 2 (Kalvelage et al., in press) . Similarly, nitrite oxidation rates were found to be several-fold greater than ammonia oxidation rates in the ETSP OMZ, based on the 15 N-tracer method (Lipschultz et al. 1990) . Results from both OMZs show that both nitrification processes were actively recycling significant proportions of nitrogen back to the NO 3 À pool in the OMZs. However, the two reactions were not necessarily coupled, as the measured ammonia oxidation could not provide sufficient NO 2 À to support the detected nitrite oxidation rates. Therefore, another source of NO 2 À was required for nitrite oxidation. Nitrate reduction to NO 2 À , although often regarded as the first step in denitrification, also occurs as an independent reaction. It has been found as an important process in the ETSP and Arabian Sea OMZ (Lipschultz et al., 1990; Lam et al., 2009 . Nitrate reduction rates were measured at two stations in our study (St 243 and 252) . Active nitrate reduction was detected throughout the OMZ, at rates of 17-469 nM d À1 ( Figure 5 ). Nitrate reduction rates exceeded ammonia oxidation rates by one-to three-fold at St 252. At this station, nitrate reduction could provide up to 325% of the NO 2 À consumed in nitrite oxidation and up to 100% of total NO 2 À production. Ammonia oxidation alone produced less than B60% of the NO 2 À required by nitrite oxidation at station 252. Meanwhile, ammonia oxidation at St 243 was responsible for 35-74% of total NO 2 À production, whereas the contribution from nitrate reduction was generally lower (26-66%) ( Figure 5 ). In other words, both ammonia oxidation and nitrate reduction were important NO 2 À sources for nitrite oxidation in the Namibian OMZ. On the basis of these results, nitrification should not be regarded as one single process, but rather as two independent reactions, at least in suboxic settings similar to the OMZs.
Competition with other nitrite-consuming processes Nitrite can be consumed by nitrite oxidation, anammox, denitrification and DNRA. The occurrence of DNRA Nitrite oxidation in the Namibian OMZ J Füssel et al has been reported from the Namibian OMZ, but actual rates were not determined (Kartal et al., 2007) . In this study, DNRA rates were determined at five stations, but significant rates were measurable only at few depths ( Figure 5 ). They never exceeded 10 nM d À1 and were usually 1-2 orders of magnitude lower than anammox and nitrite oxidation. Therefore, DNRA did not appear to be an important nitrite sink in the Namibian OMZ, at least at the time and location of our sampling. However, DNRA might become more important during more prolonged anoxia such that the true significance of DNRA in the OMZ remains to be further explored.
Previous investigations with 15 N-labelling experiments revealed high rates of anammox in the Namibian OMZ, whereas denitrification was only detected in the presence of sulfide (Kuypers et al., 2005; Lavik et al., 2009 ). In the current study, only low denitrification rates were detected at two bottommost BBL samples (B30 cm above the sediment) at stations 206 and 231,but sulfide was not measurable (data not shown). Overall, anammox was the main N 2 -producing process at all investigated stations at the time of our sampling (Figure 2,  Supplementary Figure S2) . Anammox occurred at almost all depths where nitrite oxidation rates were determined, whereas nitrite oxidation rates often exceeded anammox rates.
When all NO 2 À sources and sinks are compared, there was roughly a nitrite balance within the middepths of the OMZ, where nitrite concentration was at its lowest ( Figure 5 ). Net NO 2 À consumption was calculated usually for depths closest to the seafloor where NO 2 À levels were highest. However, the presented crude nitrite budget ( Figure 5 ) has not taken into account any external inputs and outputs. As BBLs are characterized by intense turbulent mixing and sharp gradient of nutrients (for example, Holtappels et al., 2011a) , additional NO 2 À could have been provided by the underlying sediments at these depths. Nitrite might also be transported laterally by both cross-shelf and along-shelf currents (Lass and Mohrholz, 2005) . To fully assess the true nitrite and nitrogen budget in the Namibian OMZ, both water circulation and sediment-water fluxes need to be taken into consideration.
Conclusions
The optimized method to determine nitrite oxidation rates in seawater presented in this study enables us to directly measure low nitrite oxidation rates from small-volume samples used in 15 N-incubation experiments. This method has allowed us for the first time to quantitatively assess the role of nitrite oxidation in the nitrogen cycle of the Namibian OMZ. The 15 N-incubation experiments revealed the occurrence of nitrite oxidation throughout the Namibian OMZ. Even in the apparent absence of oxygen, nitrite oxidation proceeded at significant rates, indicating either microaerobic activities of nitrite-oxidizers or the occurrence of anaerobic nitrite oxidation. The exact use of electron acceptors in such conditions remains to be determined. À consuming processes, include anammox (dark green), nitrite oxidation (light green) and DNRA (red). NO 2 À producing processes, include ammonia oxidation (light blue) and nitrate reduction (dark blue). The rates were determined from parallel incubation experiments that have been conducted with the same set of samples. Most rates presented are derived from significant slopes (Po0.05) in corresponding linear regression. On occasions, 15 Nitrospina and Nitrococcus were abundant throughout the Namibian OMZ, indicating that these genera might have substantially contributed to the measured nitrite oxidation rates in these waters. However, the low abundance of these NOB at depths where high rates of nitrite oxidation were measured, suggested that more organisms were involved in nitrite oxidation in the Namibian OMZ. On the other hand, where the cell densities were too high to be explained by the determined rates, these NOB might have gained energy from processes other than nitrite oxidation.
Nitrite oxidation rates often exceeded ammonia oxidation rates, such that the two steps of nitrification are not necessarily coupled within the OMZ. Nitrate reduction, on the other hand, served as an alternative and significant NO 2 À source under these suboxic conditions. Nitrite oxidation and anammox co-occurred in these oxygen-deficient waters, with NOB potentially competing with anammox bacteria for NO 2 À when this substrate becomes limiting. Our combined results indicate that a considerable fraction of the recently recycled nitrogen or reduced NO 3 À was re-oxidized back to NO 3 À by nitrite oxidation. Hence, NOB in oxygen-deficient waters may play a critical role in the global N-cycle, potentially diminishing the amount of N-loss from OMZs.
